We examined genetic diversity of the wild Tsushima leopard cat-a regional population of the Amur leopard cat-using microsatellite markers. In addition, we compared genetic diversity of the Tsushima leopard cat with that of the Korean population of Amur leopard cat. Although bias should be considered when applying cross-species amplification, the Tsushima leopard cat showed a lower index of molecular genetic diversity than did the Korean population. These results were consistent with those obtained using other genetic markers, such as mitochondrial DNA and Y chromosome sequences. This low genetic diversity of the wild Tsushima leopard cat may be derived from the founding population. Furthermore, our results suggest that the captive populations held in Japanese zoos may show extremely low genetic diversity, leading to difficulties in genetic management of the Tsushima leopard cat. Moreover, the two regional populations were clearly separated using these marker sets. In the present study, we demonstrated that the genetic diversity of the Tsushima leopard cat is extremely low compared with that of the continental regional population. Importantly, the Japanese captive population for ex situ conservation was derived from a founding population with extremely low genetic diversity; hence, we assume that both the captive and wild populations showed extremely low genetic diversities. Our findings emphasize the need to develop carefully considered management strategies for genetic conservation.
INTRODUCTION
The Tsushima leopard cat (Prionailurus bengalensis euptilurus) is a wild feline, which is restricted to the Tsushima Island in Japan (Fig. 1) . The Tsushima leopard cat is a regional population of the Amur leopard cat (P. bengalensis euptilurus)-a subspecies of the leopard cat (P. bengalensis). The wild population of the Tsushima leopard cat has been declining, mainly because of habitat fragmentation, prey base depletion (rodents), and road kills. Their estimated number in the wild is less than 100 (Izawa et al., 2009) . Therefore, the Tsushima leopard cat has been assigned the status of a National Nature Monument and has been classified as a critically endangered species in the Japanese Red List. In 1995, the Japanese Ministry of the Environment established the Protection and Breeding Program for the Tsushima Leopard Cat. The main objectives of this program were to confirm the habitat status, to maintain and improve the environment, to breed individuals in captivity, and to reintroduce individuals into the wild. Currently, the Tsushima leopard cats are kept in a limited number of zoos (nine) in Japan to minimize the risk of extinction, and the conservation project by the Japanese Association of Zoo and Aquarium (JAZA) for the Tsushima leopard cat promotes reproduction, maintains the captive population, and conducts research for conservation of this species. The JAZA conservation project was certified by the Japanese Ministry of the Environment as part of the National Protection and Breeding Program. Detailed information and various findings related to nutrition, reproduction, husbandry, veterinary medicine, and genetics are required for the conservation of endangered species. In particular, genetic information is critical for small populations because such populations are more susceptible to various genetic effects, such as genetic drift, deleterious trait accumulation, and genetic polymorphism reduction. The population of the Tsushima leopard cat is very small; hence, a conservation strategy based on genetic information is essential. To date, some genetic research (involving mitochondrial DNA, Y-chromosomal DNA sequences, and microsatellites) has been conducted, and the results of such investigations have indicated that the Tsushima leopard cat shows lower genetic variation than do other populations of the Asian leopard cat (Masuda & Yoshida, 1995; Tamada et al., 2008) . Microsatellites are one of the most frequently used nuclear markers for molecular ecology because of their many advantages, such as high polymorphism, codominant inheritance, ubiquitous abundance, and rapid mutation rates (Ellegren, 2004; Guichoux et al., 2011; Schlotterer, 2000) . However, their application for research on endangered species with little existing genetic information is complicated by the laborious and time-consuming nature of work and high development costs. Recently, the use of next-generation sequencing techniques for the identification of microsatellite markers has been found to reduce both time and costs, and these techniques can serve as a powerful tool for genetic studies in non-model and endangered species. Eo et al. (2016) have identified 12 new microsatellite markers based on genomic information of the Korean Amur leopard cat and have tested these markers in several related species. Using molecular genetics, the divergence between the Tsushima and continental populations was estimated to have occurred approximately 100,000 years ago (Masuda & Yoshida, 1995) . Because the Tsushima and Korean regional populations were geographically separated by a sea, there had been little gene flow after the separation of the two populations. Therefore, analysis and comparison of the two regional populations are essential for understanding the genetic structure and characteristics of the Tsushima leopard cat.
In the present study we aimed to assess the diversity of Tsushima leopard cat populations. We analyzed genetic polymorphism at 12 microsatellite loci identified in the population of the Korean Amur leopard cat and compared genetic variation indices between the Tsushima and Korean populations. Moreover, we evaluated genetic differentiation between the two populations using structure analysis and principal coordinate analysis (PCoA).
MATERIALS AND METHODS

Sample collection
This study was conducted in strict accordance with the guidelines for the ethics in animal research established by the Wildlife Research Center of Kyoto University. Kyoto City Zoo approved the research (#20170426). We obtained muscle samples from 28 Tsushima leopard cats, which had been killed in road accidents or rescued during 2004-2012. All muscle samples were obtained from animals that died in road accidents or after the death of rescued individuals and were stored in ethanol until DNA extraction. DNA was extracted from the samples using the QIAGEN DNeasy Blood and Tissue Kit (Qiagen, Hilden, Germany).
Microsatellite genotyping
Primers were re-designed to amplify repeated regions according to the reference sequences (Eo et al., 2016) using Primer 3, with a product length of 90-220 bp for non-invasive samples (Table 1) . These microsatellite markers were synthesized with fluorescent labels and PCR reactions were performed by multi-plex and single-plex PCR (Table 1 ). The 
Notes.
Sequences of M13F and Tail C are 5 -GTTGTAAAACGACGGCCAGT-3 and 5 -CAGGACCAGGCTACCGTG-3 , respectively. Reverse primers are labeled at the 5 end with pigtail sequences (5 -GTTTCTT-3 ). a Genbank accession number from Eo et al. (2016) .
M13 universal forward sequence tag (M13F: 5 -GTTGTAAAACGACGGCCAGT-3 ) or the Tail C sequence tag (Tail C: 5 -CAGGACCAGGCTACCGTG-3 ) (Blacket et al., 2012 ) was added to the 5 end of the forward primer of each pair to allow fluorescent labeling with 5-hexachloro-fluorescein or 6-carboxy-fluoresceine, respectively. PCR amplifications were performed using the modified protocol of the Qiagen Multiplex PCR Kit (Qiagen) in a final volume of 10 µl, containing 20 ng DNA, 5 µl Multiplex PCR Master Mix, 400 µM of each dNTP, 0.04 µM of each forward primers, 0.08 µM of each reverse primers, and 0.08 µM of M13 or Tail C primer (fluorescent labeled). PCR involved initial denaturation at 95 • C for 15 min, followed by 20 cycles of denaturation at 94 • C for 30 s, annealing at 57 • C for 30 s, and extension at 72 • C for 1 min; this was followed by 20 cycles of denaturation at 94 • C for 30 s, annealing at 52 • C (for M13F) or 55 • C (for Tail C) for 30 s, extension at 72 • C for 30 s, and final extension at 60 • C for 30 min. Amplicon size was assessed using the ABI PRISM 3130xl Genetic Analyzer (Applied Biosystems, Foster City, CA, USA). Genotypes were visually scored using GENEMAPPER (Applied Biosystems). PCR and genotyping were repeated more than three times depending on the genotype observed, to control for allelic drop-out.
To compare the genetic structure and diversity of the Tsushima population with other regional populations, data from a previous dataset from the Korean population were used (n = 30) (Eo et al., 2016) . The coincidence between the genotypes reported in the previous study (Eo et al., 2016) and that observed in this study was confirmed by sequencing PCR products at 12 loci in two Tsushima leopard cats and comparing the number of repetitions of microsatellite motifs between the two studies. Alleles with the same number of repetitions of microsatellite motifs in both studies were assumed to be the same. PCR products were purified using the High Pure PCR Purification Kit (Roche, Switzerland), sequenced using the Big Dye Terminator ver.3.1 Cycle Sequencing Kit (Applied Biosystems) with PCR primers (forward and reverse) based on the manufacturer's protocol, and electrophoresed using an ABI PRISM 3130×l sequencer. Forward and reverse complement sequences were aligned to obtain a consensus sequence using MEGA ver. 6.0 (Tamura et al., 2013) .
Genetic diversity analysis
Allelic richness (Ar) per locus was calculated using the HP-Rare software ver. 1.1 (Kalinowski, 2005) . The number of alleles (Na) and private alleles (Np), expected heterozygosity (He) and observed heterozygosity (Ho), probability of identity (Pid), and Pid among siblings (Pid-sib) were calculated using GenALEx ver. 6.5 (Peakall & Smouse, 2012) . Deviation from the Hardy-Weinberg equilibrium and linkage disequilibrium were tested using GENEPOP ver. 4.0.10 (Rousset, 2008) after Bonferroni correction. Effective population size was calculated using NeEstimator ver. 2 (Do et al., 2014) . In the Korean population, three variables (Na, He and Ho) were cited data from the previous study (Eo et al., 2016) , while the other variables were calculated as part of this study. F IS (population differentiation between individuals among sampled populations), F IT (population differentiation among individuals), and F ST (population differentiation between populations) were calculated using GENEPOP ver. 4.0.10 (Rousset, 2008) .
Genetic structure analysis
Microsatellite data were analyzed using the program STRUCTURE ver. 2.3.4 (Pritchard, Stephens & Donnelly, 2000) . For this analysis, an admixture model was employed to estimate the genetic structure of the population and individual ancestries both among and within populations. Using Markov chain Monte Carlo methods, we conducted the analysis with 10 iterations for each population size (K ) of 1-10 that were run for 500,000 generations after an initial burn-in of 250,000 generations. The most probable number of clusters (K ) was determined by calculating the second order rate of change considering the likelihood of K between successive K values (Evanno, Regnaut & Goudet, 2005) using STRUCTURE HARVESTER (Earl & vonHoldt, 2012) . Runs were averaged using CLUMPP ver. 1. 1. 2 (Jakobsson & Rosenberg, 2007) , and the results were visualized using Structure Plot (Ramasamy et al., 2014) . Moreover, the pattern of allelic differentiation between species was assessed using PCoA with GenALEx ver. 6.5 (Peakall & Smouse, 2012) based on the calculated genetic distances.
RESULTS
Genetic diversity
Genetic diversity indices of the population of the Tsushima leopard cat are summarized in Table 2 . All loci were successfully amplified, and only four loci were polymorphic. Moreover, 12 loci ×2 population combinations showed no deviations from the HardyWeinberg equilibrium after sequential Bonferroni correction. Cumulative Pid values for all loci in the Tsushima and Korean populations were 3. 6×10 −6 and 2. 1×10 −1 , respectively. Cumulative Pid-sib values for all loci in the Tsushima and Korean populations were 3. 5×10 −3 and 4. 5×10 −1 , respectively. Effective population sizes (95% CI) of the Tsushima and Korean populations were 8.2 (0.8-infinity) and 115.1 (33.3-infinity), respectively. 
Notes.
N , number of individuals; Na, number of alleles; Np, number of private alleles; Ne, the number of effective alleles; Ho, observed heterozygosity; He, expected heterozygosity; Ar, allelic richness; Pid, probability of identity; Pid − sib, Pid among siblings. a In Korean population, three variables (Na, He and Ho) were cited data from the previous study (Eo et al., 2016) , while the other variables were calculated as part of this study. (Fig. 2) and principal component analyses (Fig. 3) demonstrates a clear separation of the two populations using microsatellite data, except for one individual. In the STRUCTURE analysis, the greatest support was found for K = 2 clusters, resulting in the separation of the Tsushima leopard cat and the Korean leopard cat populations (Fig. 2) . In addition, the two populations were clearly separated in PCoA, except for one individual. The percentages of variation explained by the first two axes were 53.27% and 7.36%, respectively (Fig. 3) .
DISCUSSION
Diversity of the Tsushima leopard cat
The Tsushima population showed lower molecular genetic diversity, as represented by number of alleles, heterozygosity, and allelic richness, than did the Korean regional population (Table 2 ). This pattern was consistent with the results of previous research on mitochondrial DNA and the Y chromosome (Masuda & Yoshida, 1995; Tamada et al., 2008) . Because DNA markers, such as SNPs and microsatellites, were developed to optimize analysis in a specific species for which the markers were developed, bias should be considered when these markers are applied to other species (Brandstrom & Ellegren, 2008) . Because the present study involved the comparison between the two regional populations that belong to the same subspecies, the bias is considered to be smaller than the bias observed in comparison between different species. In addition, microsatellite markers have little ascertainment bias compared with SNPs (Li et al., 2008) . Therefore, the profound difference between the two populations indicates that the genetic diversity of the Tsushima population is extremely low compared with that of the Korean population. To reduce the effect of bias due to marker development, genome-wide analyses, such as double-digest restriction site-associated DNA sequencing (Zhou et al., 2014) and multiplexed ISSR genotyping by sequencing (Suyama & Matsuki, 2015) , are warranted. Because genome-wide analyses can simultaneously conduct genotyping at massive polymorphic sites, the effect of bias can be reduced and genetic diversity can be evaluated more accurately. Moreover, this approach can help resolve the genetic relationship between the two populations and further clarify the evolution and divergence of the leopard cat.
Cumulative Pid and Pid-sib values were high in both the regional populations, particularly in the Tsushima population. These Pid-sib values showed that the developed markers were unable to identify all individuals in both the populations. Therefore, more microsatellite markers should be developed to identify individuals, which can help clarify the ecology of leopard cats. The F IS value was high because of a high F ST value; this result indicates that the two regional populations are differentiated, but the total population has a high inbreeding coefficient. Effective population size of the Tsushima leopard cat was very low, indicating that the Tsushima leopard cat may be affected by the bottleneck effect and/or genetic drift. However, the calculated effective population size had a wide range (upper limit was infinity); therefore, more individuals and loci should be analyzed to establish a more precise estimate of population size.
Genetic structure
STRUCTURE analysis and PCoA using the developed markers clearly distinguished between the two regional populations, except for one individual. These results indicate that the two populations are genetically separated. The leopard cat has been classified into four subspecies based on recent molecular genetic studies, and the Tsushima leopard cat is classified as the Amur leopard cat similar to the Korean population. The Amur leopard cats have no subdivision among their habitat (Patel et al., 2017) . In our study, the two populations were clearly separated; however, further analyses are required since only a very small part of the genome was analyzed. In addition, the percentage of variation explained by axis 1 in PCoA was very high (53.27%), indicating that a single locus had a large contribution to the genetic segregation of the populations. There were two private alleles in the Tsushima population and 27 in the Korean population. The Korean population had many private alleles and appeared to show high genetic diversity. However, the Korean Amur leopard cat population has been reported to have low genetic diversity compared with other feline and endangered species (Ko et al., 2018) . Therefore, the relatively high number of private alleles observed in the Korean population may be due to comparison with the Tsushima leopard cat, which has very low genetic diversity. The observed genotype tended to shift with genotyping on different sequencers and scoring by different researchers. Therefore, to reduce genotyping error between the two studies, it is important to genotype a subset of samples used in the study by Eo et al. (2016) together with samples of the Tsushima leopard cats and to confirm the genotyping between the two studies. The divergence time between the Tsushima and continental populations has been estimated to be 100,000 years ago (Masuda & Yoshida, 1995) . Considering their geographical distribution, the divergence of the Korean and Tsushima populations was estimated to have occurred at around the same time. Therefore, the lower genetic diversity and smaller number of private alleles in the Tsushima population were probably derived from a founder effect when the Tsushima population diverged from the continental populations. We cannot judge whether Tsushima leopard cats were affected by a bottleneck effect after divergence because of the small number of analyzed samples and polymorphic loci (four). Thus, identification and analysis of more microsatellite loci (minimum number of polymorphic loci >20) are imperative to understand the genetic background of the Tsushima leopard cat (Luikart et al., 1998) . The loci that differ greatly in allele frequency between the Tsushima and Korean populations are speculated to have been derived through the founder effect. Specific alleles in the Tsushima leopard cat may have been acquired through mutations after divergence from the continental population or from individuals carrying the alleles as a minor allele type in the continental population that arrived at the Tsushima Island as founders. Although the analysis of 25-30 individuals is sufficient to evaluate the genetic diversity of a population (Hale, Burg & Steeves, 2012) , when comparing regional populations considered to have experienced a founder effect, the analysis of more individuals is essential to investigate the origins of specific alleles. In this survey, despite the separation between the two populations, one individual in the Korean population exhibited genetic types from both the populations (Tsushima and Korea). There may be several reasons for this occurrence. First, some regions in Korea may be genetically separated from other regions, retaining the genetic type of both the populations. Second, there may be gene flow from Tsushima to Korea. Finally, this may be a simple typing error caused by the use of different devices. However, to reduce error derived from this problem, we sequenced two genotypes at each locus in this study and compared them with those from previous studies. In recent years, genome-wide analyses have been reported to clarify the extent of gene flow and divergence among populations (Prado-Martinez et al., 2013) . Therefore, increasing the number of analyzed individuals and performing genome-wide analysis will help elucidate the histories of both the populations. Collectively, these results provided insights into initiating a captive conservation breeding program for Tsushima leopard cats. For many endangered species, conservation breeding programs have been established with the primary goal of maintaining the genetic diversity of populations to prevent the negative effect of inbreeding and preserve the adaptive potential of the species (Frankham, Ballou & Briscoe, 2010) . Traditionally, the goal of many breeding programs has been to retain 90% of the genetic diversity observed in the founding population for 100 years (Frankham, Ballou & Briscoe, 2010) . However, because of the potential for relatedness among founders, the true level of genetic diversity in subsequent generations is likely to be lower than that estimated based on pedigree analysis. Previously, we have clarified the discordance between molecular genetic analysis and pedigree analysis in two zebra species: Grevy's and Hartmann's mountain zebras (Ito et al., 2017) . The combination of molecular genetics and traditional pedigree analyses has recently been employed in several captive breeding programs to resolve these issues (Ferrie et al., 2013; Gautschi et al., 2003; Henkel et al., 2012; Ivy et al., 2009; McGreevy Jr, Dabek & Husband, 2011; Ogden et al., 2007) . Such combined analyses can allow us to evaluate genetic diversity based on both analyses and to thereby develop more appropriate genetic management strategies. The captive population of Tsushima leopard cat has 21 founders that introduced to captive population from wild in 1996-2015. However, only eight individuals have made a genetic contribution to the current population. This study indicates that the wild population of Tsushima leopard cats has a very low genetic diversity; hence, the founders of the captive population were highly likely to be genetically closely related and to have low genetic diversity. This fact indicates that the breeding program for Tsushima leopard cats should be carefully managed. Although genetic evaluations for all founders have been the same in the traditional management strategy based on pedigrees, molecular genetic analysis can indicate high-priority individuals for breeding.
The present study showed that the Tsushima leopard cats have an extremely low genetic diversity compared with the Korean population, and this marker set could distinguish between the two regional populations. However, in the present study, we analyzed only a small fraction of the genome, which does not necessarily provide an accurate estimate of individual genetic diversity. Genome-wide data are already used for research and conservation of endangered species, such as gorillas (Xue et al., 2015) and Visayan warty pigs (Bosse et al., 2015) . Using these advanced applications, establishment of a more effective breeding plan and clarification of precise genetic diversity are possible in the future. Therefore, performing a genome-wide analysis of the Tsushima leopard cats is warranted.
CONCLUSIONS
1. The Tsushima leopard cat population has a lower genetic diversity in nuclear DNA, as evidenced by molecular genetic analysis, than does the regional Korean continental population, which belongs to the same subspecies: the Amur leopard cat. 2. STRUCTURE and PCoA analyses revealed that the two regional populations are clearly divided. 3. Our findings suggest that captive populations may have extremely low genetic diversity, and better planned genetic management is required for the conservation of the Tsushima leopard cats.
